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VDAC – a mitochondrial channel involved in the control of aerobic metabolism and apoptosis – interacts in vitro and in vivo with a wide
repertoire of proteins including cytoskeletal elements. A functional interaction between actin and Neurospora crassa VDAC was reported,
excluding other VDAC isoforms. From a recent genome-wide screen of the VDAC interactome, we found that human actin is a putative ligand of
yeast VDAC. Since such interaction may have broader implications for various mitochondrial processes, we probed it with Surface Plasmon
Resonance (SPR) technology using purified yeast VDAC (YVDAC) and rabbit muscle G-actin (RGA). We show that RGA binds to immobilized
YVDAC in a reversible and dose-dependent manner with saturating kinetics and an apparent KD of 50 μg/ml (1.2 μM actin). BSA does not bind
VDAC regardless of the concentrations. Alternatively, VDAC binds similarly to immobilized RGA but without saturating kinetics. VDAC being
known to interact with itself, this latter interaction was directly measured to interpret the RGA signals. VDAC could bind to VDAC without
saturating kinetics as expected if higher order binding occurred, and could account for maximally 66% of the non-saturating behavior of VDAC
binding onto RGA. Hence, actin–VDAC interactions are not a species-specific oddity and may be a more general phenomenon, the role of which
ought to be further investigated.
© 2006 Elsevier B.V. All rights reserved.Keywords: VDAC; Mitochondria; SPR; Actin; Cytoskeleton; Protein–protein interaction1. Introduction
VDAC is the most abundant protein of the mitochondrial
outer membrane or MOM (up to 40% in Neurospora crassa). It
has an important role in the energy management of the cell by
regulating the metabolic fluxes across the mitochondrial
membrane [1], and is convincingly involved in the regulation
of the apoptotic processes via numerous protein–protein inter-
actions (reviewed in [2,3]). Within the mitochondrial mem-
branes, depending on the isoform, VDAC acts as channel or as
an anchoring protein [2]. This protein interacts also with several⁎ Corresponding author. Molecular Membrane Biophysics and Neuro-
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doi:10.1016/j.bbamem.2006.03.019cytoskeletal elements. Years ago, it has been identified as a
binding site for the microtubule-associated protein MAP2 [4].
More recently, its interaction was reported with a component of
the cytoplasmic dynein complex that acts as a motor for the
intracellular retrograde motility of vesicles and organelles along
microtubules [5]. Likewise, functional interactions with gelsolin
[6] and with G-actin are also mentioned [7].
As the most abundant proteins in the eukaryotic cell (up to
15% of the total protein content), actin can self-assemble into
polymers (F-actin). As part of the cytoskeleton, it has the
property to interact with a multitude of actin-binding proteins.
Depending on one's definition, there are between 60 and 100
different types of actin-binding proteins (reviewed in [8]).
These latter proteins can regulate the assembly of actin, use the
actin-based network as scaffold, or contribute to other actin-
related functions such as the coordination of elaborate
cytoplasmic responses to extra- and intracellular signals. As a
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motility of some intracellular bacteria by its polymerisation
(reviewed in [9]), and, in mitotic yeast, an actin-dependent
mitochondrial motility was identified [10]. In this system, two
integral mitochondrial outer membrane proteins –Mmm1p and
Mdm10p – together with a peripheral mitochondrial binding
protein are needed for the actin–mitochondrion interactions
[11]. In the axons of vertebrate neurons, mitochondrial transport
occurs along microtubules and F-actin [12]. Regardless of the
described model, how mitochondria are attached to the
cytoskeleton is still not fully resolved.
It has been shown by Xu et al. that G-actin can modulate the
gating of Neurospora crassa VDAC [7]. This functional
interaction seemed restricted to the NCVDAC isoform. As
during a genome-wide scanning of the VDAC interactome, we
recently found that the human G-actin is a putative yeast VDAC
ligand [13], we tried to directly measure the VDAC–actin
interactions using the surface plasmon resonance (SPR)
technology.
In this study, the direct and selective binding of G-actin to
VDAC is demonstrated. Apparent affinity constants for the
VDAC–actin interaction are calculated. Furthermore, direct
evidence for VDAC polymerisation is shown, confirming
earlier functional reports [14,15].
2. Experimental procedures
2.1. Reagents
All reagents were analytical grade. VDAC from yeast was purified to near
homogeneity according to the method of De Pinto et al. [16,17]. G-actin from
rabbit muscle and bovine serum albumin (BSA) were purchased from Sigma,
Belgium. HBS-EP buffer (0.15 MNaCl, 10 mM HEPES, pH 7.4, 3 mM EDTA,
0.005% polysorbate 20 (v/v), filtered and degassed) and Sensor Chip CM5 were
purchased from Biacore, Sweden. NAP™ 10 Columns, Sephadex™ G-25 DNA
Grade were purchased from Amersham Pharmacia Biotech AB, Sweden.
2.2. Coupling of Y-VDAC and G-actin to a CM-dextran sensor chip
The VDAC channel was covalently immobilized on a CM5 sensor chip
of a Biacore 2000® SPR (Biacore AB, Uppsala, Sweden) by amine
coupling, using HBS-N as running buffer. Carboxyl groups on the chip
surface were activated by a 10-min injection of a mixture of 100 mM suc-
cimide (NHS) and 100 mM carbodiimide (EDC). Different levels of the
VDAC protein could be immobilized by varying the injection time (20 or
40 min) or the concentration of VDAC (110 or 66 μg/ml). To avoid that the
TRIS buffer interfered with the amine-reactive groups on the chip, purified
Y-VDAC was further dissolved in 10 mM K acetate (pH 5.5) supplemented
with 1% Triton X-100, and then gel filtered on a NAP™ 10 Column,
bringing the protein at a final concentration of 250 μg/ml and a pH lower
than the pI of the VDAC protein (pI=8.8). Finally, the un-reacted NH-esters
on the chip were deactivated with 1 M ethanolamine pH 8.5 for 10 min.
Three different VDAC immobilization levels were used in the experiments [at
average binding levels of 2640±160 RU, 5740±300 RU or 10560±540 RU
(Resonance Units, mean± S.E.) corresponding to 2.6, 5.7 and 10.6 ng/mm2,
respectively]. After the completion of the immobilization procedure, the chip
surface was controlled for stability for a period of 90 min, a maximal baseline
drift of 0.08 RU/min was tolerated.
G-actin was coupled using the same amine coupling procedure with an
injection of 10 mg/ml G-actin (dissolved in Na Acetate at pH 5.5) for 5 or
10 min. The experiments were performed at three protein immobilization levels
of 3690, 1760 and 900 RU [corresponding to 3.7, 1.8 and 0.9 ng/mm2].2.3. Surface plasmon resonance analyses
The actin powder was dissolved in milli-Q H2O as described by the
manufacturer yielding a stock solution of 860 μg/ml (20 μM) actin in 0.5 mM
Tris, 125 μM mercaptoethanol, 50 μM CaCl2, 50 μM ATP, 1 mM KOH,
controlled at pH 12. This solution was further diluted in the experimental
running buffer (HBS-EP, see reagents) to 10, 25, 75, 100, 200 and 400 μg/ml
actin (controlled final values at pH 7.4–7.7). The binding of G-actin to
immobilized YVDAC was measured by SPR in the Biacore2000 device by
perfusing in parallel three flow cells having different VDAC immobilization
levels, and one flow cell with no VDAC bound as a control. Following one
min of stabilized reading with the running buffer only, different actin
concentrations were injected during 1.5 min (association phase) at a rate of
30 μl/min, followed by a 15-min dissociation phase. As dilution controls,
identical mock solutions (i.e., devoid of VDAC) were also run in the machine
before every analyte run (i.e., containing VDAC at the given concentration).
Using the BiaEval software, the curves of these mock runs, and of the control
flow cell were subtracted from their corresponding analyte binding curves.
The binding of YVDAC to immobilized actin was measured in an analogous
manner. YVDAC was dissolved in buffer A (50 mM KCl, 10 mM HEPES,
1 mM EDTA, 1% Triton X-100) after gel filtration, and diluted in the same
buffer to 5, 50, 100, 200 m and 500 μg/ml.
For the measurements of YVDAC binding to itself, identical dilutions were
prepared. During these experiments the solvent (buffer A) was used as running
buffer in the device and the analyte was injected for 3 min. BSA runs against
immobilized VDAC were done at 5, 50 and 100 μg BSA/ml, dissolved in buffer
A. Binding experiments were performed as described above.
3. Results
3.1. G-actin binds to immobilized YVDAC
Initial binding studies were performed on a chip with a low
VDAC-immobilization level around 1000 response units (RU),
as recommended for kinetic measurements. In this way the
binding rate is determined by the interaction kinetics and not
limited by mass transport of the analyte to the surface (Biacore
handbook, [18]). In those conditions, a theoretical maximal
binding capacity (Bcap) can be calculated using the following
formula:
Bcapðin RUÞ ¼ n captured ligandðin RUÞ  ðMWanal=MWligandÞ
In our experiments, VDAC is the captured ligand (MW
30,000) and actin the flowing analyte (MW 43,000).
Considering a one to one binding stoichiometry (n), the
maximum actin binding response at 1000 RU, would be
1430 RU. As response values were too low at these ligand
immobilization levels (less than 1% of predicted values), the
dose-dependent interactions between actin and YVDAC were
measured at 2200, 5500 and 10000 RU of immobilized bait
protein. Fig. 1 (left panel) shows a representative overlay plot
of actin binding VDAC at a high immobilization level.
Following subtraction of the appropriate control traces (bulk
effects of running buffer, sample-dependent mock dilution
buffer), the sensorgrams present saturating binding curves.
From the plateau values (average of 9 experiments), we could
derive the apparent affinity of actin for VDAC (KD value of
50 μg/ml – equivalent to 1.2 μM – assuming 1-to-1
interaction). At 200 mg/ml – that is at an actin concentration
of 4.7 μM – the maximal binding values fell out of the range of
Fig. 2. Maximal binding response of G-actin is proportional to the VDAC
immobilization level. The maximal binding values measured for 4 G-actin
concentrations 25 (open squares), 75 (triangles), 100 (open triangles) and 200
(diamonds) μg/ml (equals 0.6, 1.7, 2.3 and 4.7 μM) at three different VDAC
immobilization levels (2000, 5500 and 10000 RU). The SPR signal increases
linearly as expected for selective binding.
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400 mg/ml) these values became very low (not shown). As the
resonance signals depend on the refractive index – thus, the
density – near the chip surface and as this decrease of the
resonance signal occurs at very high actin concentrations,
actin–actin interactions within the sensor chamber could be
responsible for such effect.
The specificity of the binding is evidenced by the fact that
the binding response of actin was dependent on the immobi-
lization level of VDAC on the chip surface (Fig. 2). The more
immobilized VDAC, the more actin binding can be measured.
Bovine serum albumin (BSA), a negatively charged protein like
actin, was used as negative control. The molecular weight of
BSA being of the same order as actin, the magnitudes of the
SPR responses if binding occurred should be similar to actin for
similar analyte concentrations. As shown in Fig. 3, only actin
can bind and no BSA binding occurs as shown by the absence of
any measurable SPR signal, even at high BSA concentrations
(up to 1.5 μM).
3.2. Binding of YVDAC to immobilized G-actin and
VDAC–VDAC interactions
Mirroring the previous experiments, actin was used as fixed
ligand and VDAC as analyte. Again, more binding is obtained
with higher amounts of immobilized molecules as can be seen
on the left panel of Fig. 4. This time however the sensorgrams
are not simply saturating at high analyte concentrations, as the
SPR signal shows a constant slope. This effect is larger at
higher actin immobilization levels (see right panel of Fig. 4)
with a near 3-fold increase in slope between the lower and
higher immobilization levels (see Table 1, lower right column).
Hence, no steady state parameters could be derived from the
experiments.Fig. 1. Dose dependent binding of G-actin to immobilized VDAC. In the left pa
concentrations assayed for VDAC binding, 10 (black squares), 25 (black open
diamonds) μg/ml G-actin (equals 0.2, 0.6, 1.7, 2.3 and 4.7 μM). VDAC immobilizat
buffer and negative dilution controls by simple subtraction of the corresponding con
steady-state plateau values (± S.E., n=9). Assuming a one-to-one interaction between
50 μg/ml (1.2 μM). The SPR signal value obtained at high actin concentration (200 μ
Michaelis–Menten fit and can probably be explained by actin polymerisation (see DAs VDAC is known to interact with itself [15,19–21], a
VDAC–VDAC binding could cause this continuous increase/
drift in SPR signals. Therefore VDAC binding on VDAC was
assayed to better interpret these non-saturating data. Fig. 5
presents a dose-dependent binding of VDAC on VDAC itself,
and again the concentration-dependent absence of saturation
indicates secondary binding during the experiment. The slopes
of the sensorgrams of VDAC binding to itself or to actin were
compared to assess the contribution of the VDAC–VDAC
interactions in the VDAC–actin signal (see Table 1). For VDAC
binding to itself, a linear relationship between the slope of the
binding (RU divided by time) and the chip immobilization levelnel, an overlay plot of various sensorgrams resulting from a series of actin
squares), 75 (grey triangles), 100 (open grey triangles) and 200 (light grey
ion level was ~ 10000 RU. Curves are corrected for bulk effects of both running
trol sensorgrams. In the right panel, the dose–response curve obtained from the
VDAC and actin, the apparent KD – derived from the simple hyperbolic fit – is
g/ml actin, 4.7 μM) is shown for illustration propose. It does not fall within the
iscussion for details).
Fig. 3. Specificity of the actin–VDAC interaction. SPR sensorgrams obtained with 3 G-actin concentrations 5 (squares), 50 (circles) and 100 (triangles) μg/ml G-actin
(equals 0.1, 1.2, 2.3 μM) binding to VDAC immobilized at ~2000 RU level. The insert shows the absence of response (and of binding) from the identical
concentrations of BSA under identical conditions. The data are corrected for bulk effects and dilution controls.
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directly links this signal drift to the immobilized VDAC amount.
For VDAC binding to actin however, this proportion was
slightly higher than can be predicted on the basis of VDAC–
VDAC interactions alone. Doubling the coupled molecules on
the chip causes a 3-fold increase in slope. This would indicate
that roughly 2/3 of the effect could be ascribed to secondary
VDAC–VDAC interactions. The remainder is probably the
result of more complex interactions within the measurement
chamber, including some less specific hydrophobic interactions.
4. Discussion
VDAC is known to interact with a whole set of proteins
ranging from cytoskeletal elements, various enzymes and/orFig. 4. Binding of VDAC to immobilized actin. In the left panel, the maximal binding
(squares), 100 (circles), 200 (black triangle) and 500 (open triangle) μg/ml, equals 1.7
VDAC concentration (500 μg/ml VDAC or 16.7 μM) interacting with actin at thre
(triangles). Note the drift slope proportional to the immobilization levels.apoptotic modulators to viral or bacterial proteins. Recently, the
functional interaction between VDAC and actin was reported in
planar lipid bilayer [7], although no direct binding was shown.
We are reporting here the direct measurements of the actin–
VDAC interactions, and of VDAC–VDAC interactions.
Biosensors enable a label-free, real-time investigation of
biomolecular interactions. Several instrumentations have been
developed (see [22–25] for reviews and comparisons). The
Biacore system (Uppsala, Sweden) uses surface plasmon
resonance (SPR) and has mainly been applied to determine
kinetics and affinity constants [18,26,27]. In all biosensing
devices, however, the interpretation of the binding kinetics
with first order models requires some caution as deviations
from first order reaction are reported due to (i) the invalidity of
the model, (ii) rapid interactions leading to mass transferresponses obtained precisely after a 1.5 min injection for 4 doses of VDAC (50
, 3.3, 6.6, 16.7 μM) at three actin immobilization levels.In the right panel, a given
e immobilization levels of 900 RU (squares), 1760 RU (circles) and 3690 RU
Table 1
Magnitude of VDAC–VDAC interactions on a sensorchip surface immobilized with VDAC or actin
VDAC on VDAC VDAC immobilization Slope
RU Ratio RU/s Ratio
6900 4 0.404 4
1769 1 0.095 1
VDAC on Actin Actin immobilization Slope
RU Ratio Calculated Measured
RU/s Ratio RU/s Ratio
6900 4 0.848 4 ND
3690 2 0.424 2 0.696 3
1760 1 (0.212) 1 0.212 1
In the upper panel, the slopes (RU divided by time) of the non saturable binding curves of VDAC on a VDAC-covered sensor chip as measured for 2 chip
immobilization levels. A direct proportion can be seen (1:4 ratio) between these parameters. The lower panel shows an identical comparison for VDAC binding on
actin. The predicted slopes values (left part) were obtained by assuming that VDAC–VDAC interactions were responsible for the drift. A comparison with the
measured drift values shows that the drift is higher. VDAC–VDAC interactions could account for 2/3 of the measured drifts.
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masking of the potential sites by already bound analyte
molecules [31].
In our experiments, pure yeast VDAC1 was captured on the
surface of the sensor by amine coupling to measure the
interaction with actin in the mobile phase. Ideally for kinetics
determination, high flow rates of analyte perfusion (>30 μl/
min), low amount of immobilized ligand (around 100's RU),
and the use of a reference flow cell are warranted [32]. Although
we strictly followed such strategy in early experiments,
immobilizations of VDAC as low as 100 RU gave barely
readable SPR signals instead of the predicted 143 RU. Using
100 μg/ml actin on 1000 RU immobilized VDAC gave only
4 RU, e.g. We can thus estimate that only 0.3–0.5% of the total
prepared surface is likely to be reactive. This is not surprising as
VDAC is an integral membrane protein made soluble with 0.1%
Triton for the experiments. We captured VDAC directly on theFig. 5. VDAC–VDAC interactions. Sensorgrams showing VDAC–VDAC
binding obtained with 5 VDAC concentrations (5, 25, 50, 100 and 200 μg/ml
equals 0.2, 0.8, 1.7, 3.3, 6.6 μM), VDAC immobilization level on the chip at
~ 6900 RU. Note the drift slopes proportional to the VDAC concentrations used,
reflecting second (or higher) order VDAC–VDAC interactions and binding in
the measurement chamber.chip without any presenting antibody, thus the coupling
procedure allowed it to be bound at random, and therefore the
channel, which is devoid of its phospholipid environment, is
likely presenting a wide and heterogeneous range of conforma-
tions, and it is probable that around 1% of the VDAC sites are
only available for eventual 1-to-1 binding. To circumvent this
heterogeneity of our ligand sites, we used higher immobiliza-
tion levels (up to 100× more), and obtained perfectly readable
and saturable binding curves.
From these data, an apparent dissociation constant (KD) of
1.2 μM of actin for VDAC could be derived from the dose–
response curve using the plateau values of the binding curves
ranging up to 100 μg/ml actin. Such a dissociation constant is
comparable with reported affinities for other actin binding
proteins like ADF, cofilin [33], Latrunculin A, thymosin β and
profilin [34]; all these having a KD in the micromolar and
mainly submicromolar range. Moreover, comparable values
are also reported for interactions involving mitochondrial
membrane proteins such as components of the mitochondrial
import machinery [35,36]. As far as cellular membranes
(plasma membranes, mitochondrial membranes and secretory
granule membranes) are concerned, the average dissociation
constant of another cytoskeletal element, tubulin, is reported to
be between 0.15 to 0.3 micromolar. These various values
indicate that the apparent KD of actin for VDAC in this study
is comparable to analogous molecular interactions within the
cell.
Using actin concentrations above 200 μg/ml (4.7 μM)
resulted in values that fell out of the plateau value range and
even decreased dramatically at higher concentrations around
400 μg/ml. Although the critical concentration of G-actin was
not precisely determined in our conditions, actin polymerisation
within the sensor chamber could be responsible for such effect
as the resonance signals depend on the refractive index – thus
density – near the chip surface. A broad range of critical actin
concentrations of 0.1 μM up to 10 μM is reported depending on
various factors like its origin [37], the temperature [38], the pH
[39], the ATP concentration [40], the presence of Mg2+ or Ca2+
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actin binding proteins such as phalloidin [43], latrunculin A [44]
or the ADF/cofilin family [33]. Solvent conditions that promote
polymerisation include high ionic strength (KCl concentrations
>50 mM), neutral or slightly acid pH, high Mg2+ (rather than
high Ca2+), and elevated temperature.
The cell free system we use contains no magnesium, the
major polymerisation factor in a polymerisation buffer.
However, CaCl2 was present, Ca
2+ being less effective for
polymerisation [37,41] and the reported concentration of
5 mM CaCl2 is much higher than the maximal 50 μM used
in this study. No additional proteins were present in the
experimental buffer, nor did it contain F-actin fragments. The
experiments were performed at room temperature, with a
stabilization phase of 30 min for cold samples. Altogether,
these experimental conditions are not per se favourable for a
high rate of actin polymerisation. But, because we obtained
results respecting the Michaelis–Menten formalism up to
2.3 μM of actin, we assume that polymerisation – if it occurs –
starts above 3.5–4.6 μM, a value that falls well within the
reported range. With respect to VDAC functional binding, a
difference between G-actin and F-actin was seen by Xu et al. as
only G-actin was responsible for modulating the voltage
dependent gating of VDAC [7]. Thus, it is likely that we are
measuring the binding of G-actin to VDAC until some more
complex interactions do occur.
As control for the specificity of the direct binding of actin to
VDAC, we used the 66 KD molecule BSA, which is also
negatively charged. Binding of BSA to the target should yield
higher signals because of its greater mass, but using identical
conditions no binding could ever be recorded.
Inverting the roles between ligand and analyte also
demonstrated selective binding but the binding kinetics was
different. Instead of a plateau in the SPR signal at saturation, a
constant drift slope was always present, the magnitude of
which depended on the chip's coverage by the bait protein.
This could presumably arise because of secondary VDAC–
VDAC interactions in the reaction chamber. Since the report
that VDAC makes hexagonal clusters in crystalline arrays of
the outer membrane of Neurospora crassa [19,45], and that it
has a preference for the insertion of triplets and multiples of
triplets into planar lipid membranes [19], VDAC is known to
interact with itself. This property may be used for the auto-
directed insertion of VDAC in cell-free membrane systems
[15,20], and is shown to be very specific [46]. By looking at
VDAC–VDAC binding, we could measure the drift in slope
due to VDAC–VDAC interactions. Comparing these slopes to
those obtained with VDAC on immobilized actin suggests that
the secondary VDAC–VDAC interactions could account for
roughly 2/3 of the measured effect. It is worth noting that we
use the membrane protein in soluble form; that leaves room for
aspecific hydrophobic or surface interactions of the VDAC
molecules within the sensor's measuring cell, which could
account for the remainder or for a sizeable portion of this drift
effect.
The actin–VDAC interaction was previously reported as
being restricted to Neurospora crassa VDAC and rabbit andporcine muscle actin [7]. However, in that study, a weak and
poorly reproducible effect on mammalian VDAC could be
found. Here we show a direct binding between Saccharomyces
cerevisiae VDAC and rabbit muscle actin, hinting a broader
spectrum for interspecies interactions. In another study done in
our laboratory, the human form of actin was found to be
selected by a bait VDAC during phage display screens of a
human liver library (M. Zizi, unpublished observations).
Function being more restrictive than binding, it is thus highly
likely that this interaction is not restricted to VDAC from one
species.
The physiological role of this protein–protein interaction is
still unclear and can be considered from both partner
perspectives. Taking into account the cellular importance and
abundance of both proteins, some speculations can be made. As
proposed by Xu and co-workers, actin's ability to bind to- and
close VDAC may be related to the regulation of energy
metabolism. In a metabolically-quiescent cell, a higher free
actin concentration could lower mitochondrial function by
keeping some of the VDAC channels closed. When a cell
becomes more active and uses actin-based systems, free
cytosolic G-actin may decrease and thus be displaced from
VDAC channels, hence allowing for an increased metabolic
flux across and ATP production. Further, a closed VDAC
channel – due its inverted ion selectivity – is no longer ATP
permeable but becomes permeable to calcium. This alteration in
mitochondrial outer membrane permeability could thus influ-
ence cellular regulatory processes via Ca2+-dependent proteins.
Further, by binding to VDAC, the G-actin could have a direct
access to mitochondrial ATP, a situation already reported for
hexokinase [47].
Several proteins, binding both VDAC and actin are reported
to play a role in apoptotic processes. Gelsolin is an actin-
regulatory protein that modulates actin assembly and disassem-
bly. It is reported to prevent apoptosis by inhibiting apoptotic
mitochondrial changes via VDAC closure [6]. Actin, on its own
right, is suggested as a regulator in apoptosis via interactions
with the mitochondria (reviewed in [48]).
The report of the interaction between a channel protein and
actin is assuredly not unique. The interaction of the Neisseria
gonorrhoeae porin – PorIB – with G- and F-actin has been
reported, this interaction is impacting the actin polymerisation
process and the binding of ATP on the actin molecule [49,50].
Numerous studies have shown binding and/or functional
interactions between actin and different ion channels, like
ENaC and Ca2+-channels in epithelial cells and neurons [51].
Most of these ion channels interact however with F-actin or
short actin filaments.
Regardless of its finality, this interaction between these 2
proteins ought to be further probed as it might impact various
cellular functions.
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